The net flux of vapour from a solid surface in an ambient gas is analysed with the aim to estimate the effect of vaporization cooling on the energy balance of an arc cathode under conditions typical for a high-power current breaker. If the ratio of the equilibrium vapour pressure p v to the ambient pressure p ∞ is smaller than unity, the removal of vapour from the surface is due to diffusion into the bulk of the gas. As a consequence, the net flux of the vapour from the surface is much smaller than the emitted flux. An estimate of the diffusion rate under conditions typical for a high-power current breaker indicates that vaporization cooling plays a minor role in the energy balance of the cathode in this case. If ratio p v /p ∞ is above unity, the flow of the vapour from the surface appears and the net flux is comparable to the emitted flux. A simple analytical solution has been obtained for this case, which is in a good agreement with results of the Monte Carlo modelling of preceding authors. If p v /p ∞ exceeds approximately 4.5, vaporization occurs as into vacuum and the net flux is about 0.82 of the emitted flux.
Introduction
It is usually believed that the mechanisms governing the net energy flux from a high-pressure plasma to a hot (thermionic) cathode are the heating of the cathode by ions coming from the plasma and by the plasma electrons and the cooling of the cathode due to electronic emission. One of the mechanisms that is neglected is cooling due to vaporization of the cathode material. Unfortunately, the question as to whether such a neglect is justified has not been considered up to now.
The density of flux of vaporized atoms can be estimated by means of the Langmuir formula J em = p v /(2πm w kT w )
1/2 , where T w is the temperature of the cathode surface, p v is the equilibrium pressure of the vapour of the cathode material evaluated at the temperature T w , and m w is the particle mass of the cathode material. The ratio of the density of cooling due to vaporization, evaluated with the use of this formula, to the density of cooling due to thermionic emission is shown in figure 1 for a copper cathode. (In figure 1 h v is the vaporization heat per atom, j is the thermionic emission current density calculated by means of the Richardson formula, and A f is the work function. Copper was chosen for two reasons: first, copper is a volatile material for which the effect is the strongest; second, it is the aim of this work to treat the case of contacts of high-power current breakers, for which copper is a basic Figure 1 . The full curve denotes the ratio of the density of cooling due to vaporization of a copper cathode, evaluated with the use of the Langmuir formula, to the density of cooling due to thermionic emission. The broken curve denotes the equilibrium vapour pressure.
material. Also shown in figure 1 is the equilibrium pressure of copper vapour.) One can see that the ratio is large rather than small. In other words, such a simple estimate gives no reason to neglect vaporization cooling.
On the other hand, a value of the net atomic flux from a vaporizing surface, J w , is always lower than the Langmuir value due to the fact that a fraction of the vaporized atoms undergoes one or more collisions near the surface and is reflected back to the surface. Theoretical estimates are available for the case of vaporization into vacuum: this fraction is about 17-18% according to [1, 2] and up to 20% according to [3] . One can conclude that the effect of backscattering is not very strong in the case of vaporization into a vacuum.
In the case of vaporization into an ambient gas, there are experimental indications that the net flux from a tungsten surface into a gas of a pressure of the order of atmospheric is by some orders of magnitude lower than that into vacuum [4] [5] [6] (provided that the ambient gas does not modify the surface, which happens, for example, when the gas contains oxygen). On the other hand, there are results of the Monte Carlo numerical simulation [2] , in which the net vapour flux from a cathode is of the same order as that into vacuum.
The aim of this work is to analyse the effect of backscattering under a wide range of conditions and to obtain results which could be conveniently applied to a description of vaporization cooling under conditions typical for a highpower current breaker. Such results could also be used for a description of the contribution of vaporization of contacts to the pressure build-up in the chamber.
Note that there is another mechanism which can result in a decrease of the net vapour flux from an arc cathode: vaporized atoms may become ionized and subsequently return to the cathode in the form of ions. This effect is quite substantial in cathode spots (see, e.g., [6] ) where the plasma is close to full ionization, however it is unclear whether this effect is essential under conditions of current breakers, where the current density may be relatively low and the plasma partially ionized.
The statement of the problem is as follows. We consider a plane surface which is adjacent to a half-space filled with a quiescent gas. The number density n ∞ , pressure p ∞ , and temperature T ∞ of the gas are uniform in space and will be treated as known constants. At a certain moment t = 0, the surface starts to emit a flux of vaporized particles of constant density J em . The distribution of vaporized particles in front of the surface is assumed to be (half-)Maxwellian at the surface temperature T w . Each vaporized particle suffers collisions with molecules of the ambient gas and may ultimately either return to the surface or move away from it. The task consists in finding the distribution of the density n of vaporized particles in the vicinity of the surface as a function of the distance y from the surface and of time t, n = n(y, t), and the density of the net flux of emitted particles in the direction away from the surface, J (y, t).
At large t, the distribution of vaporized particles near the surface reaches a steady state and the net flux of vaporized particles in the direction away from the surface tends to a constant value (i.e. J (y, t) becomes independent of both t and y at large t). It is convenient for the following analysis to introduce the normalized net flux of vaporized particles from the surface in the steady state, α = J (y, ∞)/J em , and to consider dependence α = α(β), where β = p v /p ∞ is the ratio of the equilibrium vapour pressure to the pressure of the undisturbed ambient gas.
We introduce a characteristic time of free flight and a characteristic mean free path, t 0 and λ, of vaporized particles.
At small times, t t 0 , vaporized particles are localized mostly at distances from the surface much smaller than λ and, as yet, most of the particles have suffered no collisions. This limit case may be described assuming a collisionless motion of vaporized particles. At large times, t t 0 , the vaporized particles have spread over distances much larger than λ and, on average, have suffered many collisions.
The free-fall solution is presented in the next section. Solutions for large times are given in sections 3 and 4.
Small-time limit
In this limit case a distribution function of vaporized particles may be found by solving the Boltzmann equation without the collision term. We shall employ, however, another approach, which is as follows. The density of flux of vaporized particles leaving the surface with normal component of the velocity exceeding a certain value C y is
Consider a certain plane y = constant. 
One obtains the total number R of particles which have crossed a unit area of the plane by the moment t by integrating (1) over t 1 from 0 to t. The density of vaporized particles is related to R by the formula n = −∂R/∂y. One finds
where erfc x = 1 − erf x is the complementary error function andC = (8kT w /πm w ) 1/2 is the mean thermal speed of vaporized particles. One can verify easily that the same result can be obtained by solving the Boltzmann equation.
Introducing dimensionless variables,
where n 0 = 4J em /C, and setting for definiteness λ =Ct 0 /2, one can rewrite solution (2) as
Density distributions described by this equation are shown in figure 2 by full curves.
Large-time limit, case p v < p ∞
In this section we construct a solution for the large-time limit under the assumption that the gas on the whole continues to be at rest after the beginning of vaporization. In other words, the mean mass velocity in the whole half-space y 0 is assumed to be zero and propagation of vaporized particles is described as diffusion in the ambient gas. One of the limitations imposed by such a model is that the particle mass m w of the surface material should be equal to the particle mass of the ambient gas. (Otherwise, local values of the density and/or the pressure of the mixture will vary in time and the mean mass velocity cannot be zero.) Since the mixture on the whole is at rest, the pressure gradient in the half-space y 0 is zero. Since the depth of penetration of vaporized particles into the background gas is finite at any finite t, the ambient gas at infinitely large distances from the surface is unperturbed and its pressure equals p ∞ . It follows that the pressure in the whole half-space is constant and equal to p ∞ . We assume, in this section, that T w = T ∞ , then the temperature and the total number density of the mixture also are constant.
The system of governing equations includes the nonstationary one-dimensional equation of conservation of vaporized particles and Fick's law:
where D is the coefficient of binary diffusion of the mixture. Note that since both temperature and the total number density of the mixture are constant, this coefficient also is constant and may be treated as a given parameter. The initial condition is that the density of the vaporized particles at t = 0 is zero in the whole half-space:
Since the depth of penetration of vaporized particles into the background gas is finite at any finite t, one of the boundary conditions reads n(∞, t) = 0.
The boundary condition at the surface (see, e.g., [7] ) may be formulated as follows. Particles in the immediate vicinity of the surface are divided into two groups, those which move from the surface and those which move to the surface. Particles of the first group have just been vaporized, particles of the second group diffuse back to the surface from the bulk gas. We designate the density of the particles of the first and second groups by n + w and n − w , respectively. The density of the particles moving away from the surface is related to the emission flux density by the formula
Assuming that the distribution of particles moving to the surface also is half-Maxwellian, one can write, similarly to equation (8),
where J − is the density of the flux of vaporized particles returning to the surface. Obviously, the total density of the vapour at the surface and the density of the net flux of the vapour at the surface are
Combining equations (8)- (10), one arrives at the desired boundary condition:
An alternative way of deriving such boundary conditions may be found in [8] ; see the derivation of equation (2.1.12) on pp 48-49. Setting for definiteness t 0 = 4D/C 2 (and maintaining λ =Ct 0 /2), one can rewrite the problem (5)-(7) and (11) in dimensionless variables as
(13) A solution to this problem reads
The density of the net flux of the vapour from the surface is
The density distributions described by equation (14) are shown in figure 2 by broken curves. Note that the value τ = 0.5915 for which both the free-fall and diffusion solutions are plotted is the one for which the two solutions give the same density at the surface. In other words, this value coincides with a (unique) root of equation e τ erfc √ τ = 0.5. One can see that the two solutions are rather close for this τ . Note that the densities of the net flux of the vapour from the surface given by the two solutions for this τ are the same (equal to J em ). Equation (14), having been derived in the hydrodynamics approximation, describes the asymptotic behaviour of an exact solution for the density distribution at large τ , while equation (4), having been derived in the free-fall approximation, describes the asymptotic behaviour at small τ . The fact that the two solutions are close at τ = 0.5915 suggests that a reasonable idea of a solution for the whole range of τ can be obtained using the free-fall solution for τ 0.5915 and the diffusion solution for τ 0.5915.
One can see from figure 2 that at small times the dimensionless density of the vapour at the surface is close to 0.5, while the depth of their penetration into the bulk increases. The dimensional density at the surface is close to 2J em /C, which is the value associated with the vaporization flux only; see equation (8) . This is consistent with the fact that the backdiffusion of the vaporized particles at small times is negligible. In other words, a dominating phenomenon at small times is the penetration of the vapour into the bulk.
At moderate times, the vapour particles start to suffer collisions with the molecules of the background gas. Movement of the vapour particles starts becoming chaotic and some of them return to the surface. As a consequence, the density at the surface grows.
At large times, the density of the net flux of the vapour from the surface tends to zero, which means that the density of the flux of the vapour particles returning to the surface tends to J em . In other words, an equilibrium establishes between the surface and the vapour. The density at the surface and in its vicinity tends to a constant value 4J em /C. Note that the distribution function of the vaporized particles at large times is to a first approximation isotropic and Maxwellian right up to the surface, which is why the diffusion approximation is justified.
As t → ∞, the partial pressure of the vapour at any fixed point tends to p v . Since the pressure of the mixture on the whole equals p ∞ , it follows that analysis of this section refers to the case p v < p ∞ .
Large-time limit, case p v > p ∞
A flow of the gas from the surface is present in this case. At distances from the surface much larger than the mean free path, y λ, the flow may be described in terms of conventional hydrodynamics quantities such as the velocity, the pressure, the number density, and the temperature. This region is referred to as the hydrodynamics region. At distances from the surface of the order of the mean free path, y = O(λ), the hydrodynamics description is inapplicable and a kinetic description must be employed. This region is referred to as the Knudsen layer. At the large times being considered, t t 0 , the Knudsen layer (and the adjacent part of the hydrodynamics region) is to a first approximation free from the ambient gas, which has already been displaced from this layer, and the flow of the vapour in the layer is to a first approximation in a steady state.
Values of hydrodynamics parameters at the edge of the Knudsen layer will be designated by the subscript ∞. The pressure at the edge of the Knudsen layer, p ∞ , is considered as a given quantity, as well as parameters p v and T w , characterizing vaporization. The quantities to be determined are the values at the edge of the Knudsen layer of the number density, temperature, and velocity of the vapour, n ∞ , T ∞ , and v ∞ .
A rigorous solution to the above-stated problem may be obtained by solving the spatially inhomogeneous steady-state Boltzmann equation describing the distribution function of the vapour atoms in the Knudsen layer, or by means of the method of Monte Carlo. As an alternative, one can use an approximate approach based on the moment method, which does not require finding a solution inside the Knudsen layer: using a simple approximation of the distribution function of the vapour at the surface, one can write conservation laws which relate parameters at the surface with hydrodynamics parameters at the edge of the Knudsen layer. The latter approach was considered in [2] in connection with formation of a jet during vaporization in a vacuum. In what follows this approach will be slightly modified in order to make it more satisfactory for the case of vaporization into an ambient gas.
The distribution function at the surface is assumed to be composed of two half-Maxwellian parts: 
Note that these equations are similar to the respective equations of [2] except that in [2] correction factors have been introduced into terms in n − w of equations (18) and (19), these factors being variable and determined with the use of results of the Monte Carlo numerical modelling of vaporization into vacuum in the approximation of constant collision frequency. On the other hand, equations (17)-(19) differ from the respective equations of [9] , which is due to the fact that the distribution function of returning particles used in [9] was half-Maxwellian with a shift.
With the use of equation (17), equation (19) may be transformed to
Equations (17) 
Here γ is a constant parameter which, in order that equations (21) and (22) be exactly equivalent to equations (17), (18), and (20), should be set equal to two. However, it is convenient for the subsequent treatment to consider γ as a given parameter which may differ from two. Solving the first equation in equation (21) for n ∞ , then the second equation for v ∞ /C, and substituting the results into the first equation in equation (22), one obtains a closed equation governing function α(β),
A solution to this quadratic equation is twofold. That satisfying the condition α| β=1 = 0 reads
. 
The 
while the function θ ∞ (β) decreases infinitely and M(β) increases infinitely. Function α(β) in the interval β ∈ [1, ∞[ is nonmonotonic: it first increases and after that decreases (it is assumed for definiteness that γ π ), the coordinates of the maximum point being (24)- (27) with γ = 2. Equations (29) It is assumed in [2] that the number of particles returning to the surface is minimal (i.e. α attains a maximal value) when the vaporization is into vacuum. Since the maximum value of the function α(β), α = α cr , is attained at the same point at which the Mach number of the vapour flow at the edge of the Knudsen layer becomes equal to unity, this assumption amounts to assuming that the Mach number is unity when the vaporization is into vacuum. The Monte Carlo numerical modelling presented in [2] confirmed this assumption. This assumption, although not universally accepted (see, e.g., [10] ), will be used in the present work. One can then conclude that the above solution in the range 1 < β < β cr describes the vaporization into an ambient gas, at β = β cr it describes the vaporization into vacuum, and it has no physical meaning in the range β > β cr .
Thus, the dimensionless net vapour flux and parameters of the vapour flow at the edge of the Knudsen layer in the case Thus, the above simple analytical model provides good accuracy in the limit case of the vaporization into vacuum, β = β cr . However, the limit case of equilibrium vapour surface, β = 1, is not quite correctly described by the obtained solution (with γ = 2): while α(1) = M(1) = 0 as it should, the respective value of the normalized temperature, θ ∞ (1), is 0.8 rather than 1 and the normalized density, N ∞ (1), is 1.25 rather than 1. One can see that the reason for this is that the numerical coefficient on the left-hand side of (20) equals 2 instead of 5/2. The latter stems from the approximation of the distribution function at the surface by (16) (note that the energy flux similar to that given by the right-hand side of (19) is obtained with the use of a shifted Maxwellian function).
A solution satisfying the equality θ ∞ (1) = N ∞ (1) = 1 can be obtained by replacing the coefficient 2 on the left-hand side of (20) by 5/2. This amounts to setting γ in the above formulae equal to 5/2 instead of 2. It should be emphasized that a solution obtained in such a way is not necessarily more generally accurate than the original solution (the one with γ = 2); in fact, a difference between the two solutions is within the accuracy of the moment method. However, the modified solution gives exact values in the particular case of equilibrium vapour surface and is therefore more satisfactory. The data points denote Monte Carlo simulation [2] .
layer in the case of vaporization into vacuum, predicted by the modified model, are also shown in table 1 and are in a good agreement with numerical data. In particular, the fraction of vaporized atoms which undergoes one or more collisions near the surface and is reflected back to the surface in the case of the vaporization into vacuum predicted by the modified model is about 18%, in close agreement to the numerical data.
In figure 5 , a comparison is shown of the solution predicted by the modified model for the case of vaporization into an ambient gas with results of the Monte Carlo numerical modelling in the approximation of a constant collision frequency taken from figure 4 of [2] . Once again, the agreement between the analytical and numerical solutions is good.
Concluding discussion
The time evolution of the net flux of the vapour from the surface is illustrated by figure 6 . In order to discuss the overall behaviour of the function α(β), it is convenient to consider a situation in which the surface temperature (and, consequently, the vapour pressure) is maintained constant, while the pressure of the ambient gas decreases. In the range p ∞ > p v (i.e. β = p v /p ∞ < 1), the net flux of the vapour from the surface is much smaller than J em , except for a short time interval of the order of the free-flight time. Diffusion of the vapour into the bulk of the ambient gas should be treated in order to find this flux, the boundary condition at the surface being n = 4J em /C. Note that the latter value is the density of the vapour at the surface attained after the above mentioned time interval of the order of the free-flight time. One can conclude that the function α(β) in the range β < 1 is of the order of λ/L, where L is a characteristic dimension of the system. Since λ L in most cases, α is close to zero.
In the range 1 β β cr ≈ 4.54 (i.e. p v /β cr p ∞ p v ), the function α(β) increases from zero to α cr ≈ 0.82. The physical sense of this result is quite clear: as the vapour pressure exceeds the ambient pressure, the vapour starts to displace the ambient gas from the surface and the net flux of the vapour from the surface becomes non-zero. A simple analytical description of the vaporization in this range is supplied by equations (24)- (27) with γ = 5/2. It is expected that this description represents a reasonable approximation for most models of the collision cross section; in particular, it is in a good agreement with results of the Monte Carlo numerical simulation [2] performed for the model of constant collision frequency.
As p ∞ decreases further (i.e. p ∞ < p v /β cr ), parameters of the vapour flow at the edge of the Knudsen layer remain unchanged. (What changes is the vapour flow outside the Knudsen layer: since the pressure at the edge of the Knudsen layer, being equal to p v /β cr , exceeds the pressure of the ambient gas, the vapour jet will expand.) Thus, α remains equal to α cr for β > β cr : the net flux of the vapour from the surface is limited by the vaporization rate rather than by the resistance of the ambient gas. In other words, vaporization in the case p ∞ < p v /β cr occurs as into vacuum. The fraction of the vaporized atoms which are reflected back to the surface is, in this case, about 18% in the framework of the considered model. The above analysis is based on the assumption that the flux of vaporized atoms, once having started, has the same density at all points of the surface and at all moments of time. This assumption is justified provided that the length scale of variation of the temperature along the surface is much larger than the mean free path, while the time scale of variation of the temperature is much larger than the free flight time. It is well known that arcs on cold cathodes produce an ensemble of vapour sources (microspots, or segments); see, for example, [11] and references therein. Hence, a necessary condition of applicability of the above analysis to the vaporization of cold cathodes is that the microspot radius is much larger than the mean free path of atoms, while the microspot lifetime is much longer than the free flight time.
We consider conclusions which can be drawn on the basis of the above results for conditions typical for a high-power current breaker. If p v < p ∞ and the net vapour flux is limited by diffusion removal of the vapour into the bulk of the chamber, then α = O(λ/L), where L is a characteristic dimension of the chamber. Assuming that the cross section for momentum transfer in collisions between vaporized atoms and major species of the bulk plasma is 10 −18 m 2 and that the number density in the bulk of the chamber is no smaller than 10 24 m −3 , one finds λ 10 −6 m. Assuming L = 10 cm, one finds λ/L 10 −5 . Thus, the net flux of the vapour from the surface is of the order of 10 −5 or smaller relative to the Langmuir value. Returning to figure 1, one can conclude that the ratio of vaporization cooling to thermionic cooling, J w h v /j A f , is below approximately 0.3 in the whole range of parameters.
One can conclude that the vaporization cooling is likely to play a minor role if p v < p ∞ , but may be decisive if p v > p ∞ . The question whether the case p v > p ∞ may be realized may be answered after results are available for coupled calculations of the rise of the cathode surface temperature and of the pressure build-up.
The obtained results may also be used for analysis of the contribution of vaporization of contacts to the pressure buildup in the chamber.
